Obstacles have been used extensively to study reentry (1) (2) (3) (4) (5) (6) (7) . Naturally occurring obstacles, like arteries and other anatomical inhomogeneities, can attach a drifting spiral wave and make it stationary (8, 9) . Similarly, artificial obstacles may convert a meandering (detached) reentrant wavefront (RWF) into a stable (attached) one in an experimental (5) and simulated (6, 9) two-dimensional (2D) tissue. In simulated three-dimensional (3D) tissue a full-thickness obstacle is capable of attaching a single drifting scroll wave, whereas a partial-thickness obstacle produces unstable attachment (10) . Whether this holds true in real 3D tissue that sustains multiple-wavelet ventricular fibrillation (VF) remains unclear. We (11) reported that persistent and stable multiplewavelet VF may be induced in the isolated, perfused swine right ventricle (RV). Gradual reduction of the tissue mass resulted in the reduction of the number of wavelets and eventually the termination of VF or the conversion from VF to ventricular tachycardia (VT) when a critical mass (CM) (12) was reached. The papillary muscle (PM) played a key role as an attaching structure to RWF during VT (13) . However, the presence of PM did not prevent the maintenance of VF. The purpose of the present study was 1) to assess the influence of a full-thickness artificial obstacle on the dynamics of multiple-wavelet VF; 2) to determine whether an artificial obstacle can convert VF to VT by stabilizing RWF; and 3) to determine the effects of an artificial obstacle on the CM for VF.
METHODS
Experimental preparation. The study protocol was approved by the Institutional Animal Care and Use Committee. The experimental model has been previously described (11) . Briefly, the hearts of seven farm pigs were quickly removed and placed in oxygenated Tyrode's solution at 37°C. The right coronary artery was cannulated and perfused with Tyrode's solution. The RV was excised; VF occurred in vivo during excision, and persisted in vitro. The fibrillating RV was then placed in a tissue bath with the endocardial surface facing on a built-in electrode array on the bottom of the tissue bath with 477 bipolar electrodes, 1.6 mm apart, arranged in 20 columns and 25 rows. The PM was cut to improve electrode contact. Data were acquired by a computerized mapping system (Unemap, Uniservices, New Zealand) at 1,000 samples per second with 16 bits of accuracy (11) . Pseudoelectrocardiograms (pECG) were recorded from two electrodes placed on the opposite edges of the tissue (Fig. 1 ).
An 8-mm-diameter cylindrical obstacle (hole) was then created using a skin biopsy punch (5) . The specific location of the obstacle within the tissue was determined by the need to avoid major epicardial arteries, but in general the hole was created near the center of the tissue, at variable distances from the PM. Several 8-s recordings were acquired before and after the creation of the obstacle.
Progressive tissue mass reduction was achieved by cutting 0.3 g to 1.5 g from the boundary of the tissue (11) . If VF continued, additional tissue was removed. A transition from VF to VT was judged to occur when a regular and largely repeated pattern of activation was present consistently. Polymorphic or transient (Ͻ30 s) VT was not considered a transition. The CM for spontaneous VF was defined as the tissue weight at which spontaneous VF converted to VT. The VF was reinduced by rapid pacing at different sites; VF was considered induced if it persisted for Ͼ5 s after pacing. After successful VF reinduction, additional tissue mass reductions were made until VF could not be induced. A minimum of four different pacing sites were used before considering VF as noninducible. At the end of the experiments, bipolar diastolic pacing thresholds were measured at a minimum of five sites in the region around the obstacle. Data were compared with baseline threshold determined at similar locations. Control data. An additional tissue was used as control. The tissue preparation was as described, including obstacle creation, but no mass reductions were performed so that the effects of the obstacle at masses above the CM could be studied. To compare CM with and without the obstacle, we used our previous studies as a control (11) . In that study, the tissue preparation and experimental procedures were exactly the same, but no obstacle was placed. Data analysis. The methods of computerized mapping have been previously reported (14) . Patterns of activation were displayed dynamically on the computer screen (15) . We defined attachment of a RWF to the obstacle as a mode of activation when the tip of consecutive RWFs followed a path corresponding to the boundary of the obstacle (5) . In this situation, the cross-sectional area of the obstacle was the size of the core. If attachment did not occur around the obstacle, then the size of the core was calculated by tracing the point on the RWF closest to the core. The area encircled by these points was the core size (15) . The number of RWFs at a given instant of VF was defined as the number of activations separated from each other by recovered but nonactivated tissue (11) . A mean VF cycle length (CL) was obtained for each channel by averaging the interactivation intervals. The VF CL of the entire tissue was calculated by averaging CLs of all channels. Standard deviation (SD) of the VF CL was used to assess the variability of VF CL recorded by each channel. Slowing and regularization of VF were defined as significant increases and decreases of VF CL and VF SD, respectively. For comparisons, data were pooled from two 8-s recordings before and after creating the obstacle.
All data are presented as mean Ϯ SD and were compared using the Student t test when appropriate. Two-way repeated-measures analysis of variance (ANOVA) was used to compare VT CL before and after obstacle creation, and in and out of the surrounding rim of channels. Linear regression analysis was used to determine the relation between the core size and VT CL. A p value Յ0.05 was considered significant.
RESULTS
In one tissue, the placement of an obstacle caused immediate transition from VF to VT. In the remaining six tissues, tissue mass reductions were necessary to achieve transitions from VF to VT. Spontaneous annihilation of all electrical activity occurred at the end of the experiments, only after converting to VT (never from VF). The pacing thresholds at the end of the experiments did not differ significantly from that obtained before punching the hole (0.55 Ϯ 0.36 mA vs. 0.47 Ϯ 0.26 mA, p ϭ NS). Effects of the obstacle on VF. The characteristics of VF changed immediately after creation of the obstacle. The mean VF CL increased in all tissues. In all but one tissue, there was a decrease in the SD of VF CL (Table 1) . In dynamic display, baseline VF was characterized by the presence of multiple wavelets coexisting in the tissue. The creation of an obstacle did not change significantly the number of wavelets present in the tissue at any given time (from 4.8 Ϯ 0.7 to 4.4 Ϯ 1.3), except in one tissue. During baseline VF, we observed RWFs attached to the PM insertion for an average of 1.5 Ϯ 1.4 cycles (13) at a time in the span of two 8-s recordings. After creation of the obstacle, attaching to the obstacle was seen with a mean of 1.7 Ϯ 1.5 cycles. Anchoring to either structure occurred at different times in a given tissue, but the coexistence of RWF attaching to both the PM and the obstacle simultaneously was not seen during VF.
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Before creating the hole, the average VF CL and its SD distributed evenly. After the hole was created, an area of increased VF CL and decreased SD of VF CL was clearly detected around the obstacle. Comparison of a rim of three-channel width ( Fig. 1) around the obstacle showed prominent increase and decrease, respectively, of the mean VF CL and VF SD (Table 1) . Creating the obstacle resulted in significant changes in VF CL of the whole tissue and in the rim channels. Testing for interaction was also significant (p ϭ 0.0007).
In the control tissue, VF persisted for 4 h and 17 min. The number of wavefronts remained stable over time (4.6 Ϯ 1.2, 4.2 Ϯ 1.5, 4.9 Ϯ 1.1, and 4.2 Ϯ 1.4, p ϭ NS, at 1-h intervals). The obstacle and the transition from VF to VT. Tissue mass reductions caused a net decrease in the number of wavefronts in the mapped region (from 4.4 Ϯ 1.3 to 3.3 Ϯ 0.8, p Ͻ 0.05) before the conversion to VT. We successfully mapped a total of 9/32 spontaneous transitions. All nine mapped transitions showed attachment of a RWF to the obstacle. In six of them, the transition occurred after a single RWF attached to an area comprised both of the obstacle and the root of the PM. Figure 2 shows an example. Starting in VF (panels A and B), multiple wavelets are seen that completely excite the surroundings of the obstacle (wavelets marked with an asterisk and with a diamond in panels J and M). In panel C, a new RWF (marked with a circle in panels K and M), arising as endocardial breakthrough activation, arrives at the obstacle. The activation proceeds clockwise around the obstacle. However, as shown in panels E and F, it does not complete a full rotation around the obstacle. Instead, after completion of roughly two-thirds of a circle, there is an area of block and the activation turns around it and eventually completes a full reentrant excitation. In this tissue, the obstacle was placed very close to the PM (panels K and L). The PM facilitated the development of block (panel E). This pattern was maintained in subsequent rotations without wavefront detachment. The core of the reentry was formed by the summation of two structures: the artificial obstacle and the root of the PM, which were in contact with each other. There was remarkable conduction slowing around the PM (panel K).
In the remaining three transitions mapped, there was a coexistence of two RWFs. Figure 3 illustrates an example. During VF (panel A), multiple RWFs coexist, with an almost complete excitation of the obstacle's boundaries. Later on (panel B), a RWF approaches the obstacle, but before arriving at its boundaries it finds an area of conduction block and splits into two daughter wavelets. One (plus sign, yellow arrows) arrives at the right side of the obstacle and turns around it (panels C through E), while the other (asterisk, white arrows) proceeds down and turns around, arriving at the left side of the obstacle almost simultaneously with the first wavefront (panel F). A figure-eight pattern is formed. These two reentrant circuits have identical CLs. In this tissue, the location of the obstacle relative to the PM insertion allowed the presence of a narrow isthmus between them (panels I and J). The obstacle served as the core for one RWF, whereas the PM served as the core for the other. This was stable over time, and no wavefront detachment to either structure was seen. Both circuits shared a common isthmus, where conduction time was slowest.
Whereas creation of an obstacle resulted in immediate and predictable VF slowing and regularization, obstacleinduced transitions to VT were unpredictable. The RWF attaching to the obstacle mediated stabilization of reentry and transition from VF to VT. Figures 2 and 3 showed an initial phase of VF where multiple RWFs activated different portions of the tissue, including the PM. Immediately before transition to VT, multiple wavelets arrived at the obstacle almost simultaneously (Figs. 2B and 3A) . As a result, the tissue surrounding the obstacle became activated within a short period of time, causing almost synchronous recovery of excitability. By the time a new RWF arrived at the obstacle (Figs. 2C and 3B ), all its boundaries were excitable. The RWF could therefore proceed along the obstacle's borders, leading to attachment. There was a critical delay between the last excitation of the obstacle's boundaries by any RWF during VF and the arrival of the RWF that attached and initiated VT. This coupling time was calculated to be 148 Ϯ 41 ms (range 100 to 235 ms). Characteristics of VT. We mapped 32 VT episodes (Table  1) , including 9 episodes immediately after transition and 23 episodes of sustained VT. There were primarily two patterns of activation: 1) a single RWF rotating around the obstacle and the PM (n ϭ 11); 2) a figure-eight where one RWF rotated around the obstacle and the other around the PM (n ϭ 17). In addition, one episode showed an incomplete Valderrá bano et al. November 15, 2000 November 15, :2000 Artificial Obstacle in Ventricular Fibrillation figure-eight activation rotating around the obstacle and the PM, which failed to complete a full circle. In another episode, two stable RWFs rotated clockwise with identical CLs. Both the obstacle and the PM were located inbetween these rotating RWFs and therefore did not appear to play a role as substrates for attachment. Finally, in two other episodes, a repetitive pattern of breakthrough activation arising in different parts of the tissue was seen, with no obvious reentrant circuits. The VTs associated with a single RWF had a CL of 232.5 Ϯ 18.5 ms, whereas those with two RWFs (either figure-eight or two separated RWFs) had a CL of 108.6 Ϯ 9.3 ms (p Ͻ 0.001). In the VT episodes caused by a single RWF, the core was comprised of both the obstacle and the PM insertion, and its size was estimated by the summation of both areas. In the figure-eight episodes, the core size used for calculations was the mean of the obstacle size and the size of the PM (as each structure was attaching one RWF). Figure 4 shows the method of core size calculation in two examples (single RWF and figure-eight) of stable VT. Because the VT morphology was largely determined by the location of the obstacle relative to the PM, it did not change in a given tissue after several VF-VT transitions. Ventricular tachycardia CL did vary slightly (see Table 1 ). There was a positive linear correlation (correlation coefficient, 0.96, p Ͻ 0.001) between core sizes and CLs, following the equation y͑CL in ms͒ ϭ Ϫ 28.0 ϩ 294.1x͑core size in cm 2 ͒.
Areas of increased curvature, such as turning around PM (see panel K in Fig. 2 , or panel P in Fig. 4 , or those in a narrow isthmus of a figure-eight (panel I in Fig. 3 ), had the longest conduction times, implying slow conduction through a narrow isthmus (16) . Figure 4 shows an example of a figure-eight with a wide isthmus in which conduction time was unaltered. The critical mass. With the obstacle, the calculated CM for spontaneous VF was 28.7 Ϯ 3.8 g, or 21.3 Ϯ 1.6% of the total heart weight. Without the obstacle, the value was 24.0 Ϯ 3.4 g, or 16.7 Ϯ 3.5% of the total heart weight (11) (p Ͻ 0.05). Similarly, the CM for inducible VF with the obstacle was significantly higher (27.3 Ϯ 4.6 g, or 20.2 Ϯ 2.2% of the total heart weight vs. 19.9 Ϯ 4.2 g or 13.7 Ϯ 3.6% of the total heart weight), with p Ͻ 0.01. We found no differences in CM in those tissues with figure-eight VFto-VT transitions compared to those with single RWF.
DISCUSSION
There are several major findings of the present study: 1) in multiple-wavelet VF, the RWFs may attach to an artificial obstacle, resulting in VF slowing and regularization; 2) tissue mass reduction results in stable attachment of RWF to the artificial obstacle and PM, leading to the transition from VF to VT; and 3) an obstacle increases the CM required to sustain VF.
The obstacle as a substrate for reentry stabilization during VF. To our knowledge, this is the first experimental description of the reentry-stabilizing properties of an artificial obstacle in the setting of multiple-wavelet VF in a real 3D tissue. The obstacle induced transient RWF attachment during VF (1.7 Ϯ 1.5 cycles), leading to less frequent and more regular activations around the hole. These findings are compatible with 2D simulation studies (6) that suggested stable spiral wave attachment was due to the stabilizing effect of CL prolongation in the presence of a sufficiently large obstacle. In simulated 3D excitable media with a single drifting scroll wave, Vinson et al. (10) showed that a full-thickness obstacle would behave similar to a 2D obstacle, inducing scroll wave attachment. However, we only detected transient attaching to the obstacle during VF, as invasion by other wavelets prevented stabilization. Stable attachment occurred only when the tissue mass (hence the number of wavelets) (11) was reduced.
We found that the VF-to-VT transition occurred only when a wavefront arrived at the obstacle after its boundary had recovered from refractoriness. The need for the coexistence of simultaneously recovered boundary tissue explains the unpredictability (probability factor) of the time of transition after a hole is punched. Interaction between the PM and the acquired anatomical obstacle. The stump of the PM increases the anatomical heterogeneity in the endocardial portion of the RV. In simulated 3D tissue (10), such a partial-thickness obstacle can only temporarily attach a single scroll wave. Afterwards the portion of the filament not attached can pull the scroll wave away from its temporary attachment. The number of rotations that a scroll wave remains attached to the obstacle depends on the thickness of the obstacle relative to the thickness of the tissue. These findings may explain the relative lack of efficacy of PM in attaching reentry during baseline VF. By creating a transmural full-thickness obstacle, we were able to immediately increase the VF CL by creating a more effective attachment for the RWF. In other words, the full-thickness artificial obstacle provides filament stabilization at masses when attaching to just the PM alone would be unstable. Furthermore, smooth contours and uniform curvature of the hole may impair vortex shedding (17) and limit wavelength variations (18) , favoring RWF attachment and possibly mediating this antifibrillatory effect. These phenomena might explain the increased CM for VF after punching a hole.
The anatomical and functional relationship between the PM and the obstacle was crucial in determining the type of transition to VT. The presence of an isthmus between them-more likely if widely separated, but possible even if close to each other as in Figure 3 -allowed for figure-eight patterns. This relationship, however, did not impact the effect of the obstacle in VF slowing or CM. Study limitations. Although we studied the effects of an obstacle in a 3D tissue, we mapped exclusively the endocardial side. Therefore, we were not able to confirm the In the left, the RWF rotates counterclockwise. By consecutively joining the red dots, the core of this RWF can be delineated. In panel G, numbers show the location of the channels whose local electrograms are selected for demonstration in panel I. Also shown are the conduction velocities that are uniform around the obstacle but slowest in regions of increased curvature around the PM. Panels J-R, on a different tissue, the same method applied to a case of single RWF rotating clockwise. The core of this rotation is formed in part by the hole. However, when the activation proceeds inferior to the hole, it goes downward, where the PM was located (panels K, L and M). In panel M, the activation again contacts the hole's boundaries. By joining the red dots, the area surrounded by the activation next to the hole can be identified (the PM insertion) and its area calculated. The summation of this area and the area of the hole is considered the core size. Panel P shows selected channels whose electrograms are shown in panel R, and conduction time longer around the PM. Panels H and Q are mirror-images of the respective tissues.
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Artificial Obstacle in Ventricular Fibrillation presence of the scroll waves or study the dynamics of the filaments. We did not control the location of the obstacle relative to the PM because of the need to avoid damaging the coronary arteries. This concern has limited our abilities to evaluate fully the interaction between the hole and the PM. Another limitation is that we cannot fully rule out the presence of tissue injury after punching a hole. However, because the pacing threshold around the hole remained normal, and that wavefront attachment occurred primarily around the hole, we believe the tissue remained viable throughout the study. Finally, we used data from our previously reported work (11) as controls, but the identical experimental conditions allowed valid statistical comparison. Implications. We provide evidence supporting the antifibrillatory properties of a full-thickness, cylindrical obstacle. Similar physiologic effects could be expected with obstacles that do not necessarily break the tissue integrity, and that could be created by radiofrequency energy or by other surgical techniques. Whether this proves clinically feasible remains to be investigated.
